Abstract-There is evidence that telomeres, the ends of chromosomes, serve as clocks that pace cellular aging in vitro and in vivo. In industrialized nations, pulse pressure rises with age, and it might serve as a phenotype of biological aging of the vasculature. We therefore conducted a twin study to investigate the relation between telomere length in white blood cells and pulse pressure while simultaneously assessing the role of genetic factors in determining telomere length. We measured by Southern blot analysis the mean length of the terminal restriction fragments (TRF) in white blood cells of 49 twin pairs from the Danish Twin Register and assessed the relations of blood pressure parameters with TRF. TRF length showed an inverse relation with pulse pressure. Both TRF length and pulse pressure were highly familial. We conclude that telomere length, which is under genetic control, might play a role in mechanisms that regulate pulse pressure, including vascular aging. This process also occurs in vivo because an inverse relation exists between telomere length in replicating somatic cells and the age of human beings who have donated these cells (References 5 through 9; reviewed in References 1 through 4). Thus, the replicative history of somatic cells is a major determinant of telomere length. Another determinant of telomere length is heredity, since the high variability in this parameter among human beings is to a large extent genetically determined. 5 Recent experimental data support the concept that telomeres might serve as "biological clocks," pacing not only life span at the cellular level but also aging at the systemic level. These data show that (1) the prevention of telomere attrition by the forced expression in cultured somatic cells of the catalytic component of telomerase, the reverse transcriptase that adds telomere repeats onto the ends of chromosomes, postpones replicative senescence 10,11 and (2) the "knockout" of telomerase in the mouse amplifies some characteristics associated with systemic aging in later generations of mice that exhibit substantially shortened telomere length. 12 At least 2 fundamental questions therefore arise with respect to the clinical implications of telomere biology. First, can the length of telomeres serve as an in vivo indicator of biological aging of replicating somatic cells in different organ systems of humans? A related question is: Is the aging of tissues from persons who are genetically endowed with long telomeres likely to occur later in life or at a slower pace than of tissues from persons who inherit short telomeres? Second, which biological parameters can serve as indicators of aging in human beings, since for obvious reasons chronological age (which is determined by calendar time) is a poor criterion for biological aging?
T elomeres, the ends of chromosomes, undergo attrition (shortening) in their length with each replicative cycle of cultured somatic cells (reviewed in References 1 through 4). This process also occurs in vivo because an inverse relation exists between telomere length in replicating somatic cells and the age of human beings who have donated these cells (References 5 through 9; reviewed in References 1 through 4). Thus, the replicative history of somatic cells is a major determinant of telomere length. Another determinant of telomere length is heredity, since the high variability in this parameter among human beings is to a large extent genetically determined. 5 Recent experimental data support the concept that telomeres might serve as "biological clocks," pacing not only life span at the cellular level but also aging at the systemic level. These data show that (1) the prevention of telomere attrition by the forced expression in cultured somatic cells of the catalytic component of telomerase, the reverse transcriptase that adds telomere repeats onto the ends of chromosomes, postpones replicative senescence 10, 11 and (2) the "knockout" of telomerase in the mouse amplifies some characteristics associated with systemic aging in later generations of mice that exhibit substantially shortened telomere length. 12 At least 2 fundamental questions therefore arise with respect to the clinical implications of telomere biology. First, can the length of telomeres serve as an in vivo indicator of biological aging of replicating somatic cells in different organ systems of humans? A related question is: Is the aging of tissues from persons who are genetically endowed with long telomeres likely to occur later in life or at a slower pace than of tissues from persons who inherit short telomeres? Second, which biological parameters can serve as indicators of aging in human beings, since for obvious reasons chronological age (which is determined by calendar time) is a poor criterion for biological aging?
In light of these considerations, this work had 2 goals. The first goal was driven by the following concept. Since in industrialized nations pulse pressure increases with age, 13 pulse pressure might serve as a phenotype of cardiovascular aging. We therefore examined whether pulse pressure correlates with telomere length. The second goal was to examine whether telomere length is familial.
Methods

Subjects
DNA samples from white blood cells (WBCs) of 98 healthy twins (10 monozygotic and 39 dizygotic twin pairs) from the Danish Twin Register 14 were selected to be studied. The ages of the subjects were 18 to 44 years. The twin pairs were identified in 1994 by responses to a questionnaire. They were selected for further investigation after they reported negative history for major metabolic, cardiovascular, and chronic inflammatory and infectious diseases. Clinical evaluation of and blood collection from the co-twins of each twin pair were done on the same day. Evaluation included a physical examination with measurements of height, weight, and blood pressure. Blood pressure was carefully measured by a standard mercury sphygmomanometer, and the mean of 3 measurements was taken. Measurements were performed in a sitting position after 5 minutes of complete rest. Zygosity was established by HLA-typing and by serological analyses of blood enzyme systems.
Approval to perform this research was obtained from the Danish Central Scientific Ethics Committee. Consent to send DNA to the United States was provided by the regional ScientificEthics Committee. Approval to perform the research was also granted by the Institutional Review Board of the University of Medicine and Dentistry of New Jersey-New Jersey Medical School.
Measurement of Terminal Restriction Fragment Length
DNA samples were coded in Odense University by means of numbers and the letters A and B, denoting the 2 co-twins of each twin pair. No other information (ie, zygosity, blood pressure, age, gender) was revealed by the code. The samples were digested overnight with restriction enzymes Hinf I (10 U) and RsaI (10 U) (Boehringer Mannheim). Eighteen DNA samples (Ϸ5 g each) from different individuals and 4 DNA ladders (1 kb DNA ladder plus 1 DNA/Hind III Fragments; GIBCO Life Technologies) were resolved in a 0.5% agarose gel (20ϫ20 cm) at 50 V (GNA-200 Pharmacia Biotech). Duplicates from the same samples were resolved on different gels. The letter coding (ie, A and B) enabled the running of DNA samples from each twin pair on the same gel. After 16 hours, the DNA was depurinated for 30 minutes in 0.25N HCl, denatured for 30 minutes in 0.5 mol/L NaOH/1.5 mol/L NaCl, and neutralized for 30 minutes in 0.5 mol/L Tris, pH 8, 1.5 mol/L NaCl. The DNA was transferred for 1 hour to a nylon membrane, positively charged (Boehringer Mannheim) with the use of a vacuum blotter (Appligene, ONCOR). The membranes were then hybridized at 65°C with the telomeric probe (digoxigenin 3Ј-end labeled 5Ј-[CCCTAA] 3 ) overnight in 5ϫSSC, 0.1% Sarkosyl, 0.02% SDS and 2% Blocking reagent (Boehringer Mannheim). The membranes were washed at room temperature, 3 times in 2ϫSSC, 0.1% SDS each for 15 minutes and once in 2ϫSSC for 15 minutes. The digoxigenin-labeled probe was detected by the digoxigenin luminescent detection procedure (Boehringer Mannheim) and exposed on x-ray film. The mean terminal restriction fragment (TRF) length was measured as described before. 15 After completion of all TRF measurements in all samples, the numbers were decoded for data analysis.
Data Analysis
To assess the relation of measured factors (eg, gender, blood pressure, age) with telomere length while controlling for gross genetic effects on these phenotypes, we used a linear model with random effect or "variance component" terms (eg, see References 16 through 18). Let y 1 and y 2 denote telomere length values collected from a twin pair. Assume that the twin pair trait value vector, Yϭ[y 1 ,y 2 ], can be modeled with an appropriate bivariate distribution (eg, bivariate normal) with mean vector, , and variance-covariance matrix, ⍀, which can be partitioned in the following way:
where 2 a and 2 r are estimable variance components terms characterizing gross additive genetic effects (ie, aggregate additive effects of many loci), and random or "error" effects, respectively. The coefficient terms preceding these variance terms are 2ϫ2 coefficient matrices relating the variance components to the twin pair trait values. Thus, K is the kinship coefficient matrix with off-diagonal elements equaling 1.0 for MZ twins and 0.5 for DZ twins, and I is the identity matrix.
Assume further that can be modeled as ϭf(X B), where X is vector of covariates (ie, gender, age) and B is an estimable regression parameter vector. For gender, men were assigned a value of 1.0 and women a value of 0.0. We assumed a linear relation between Y and X. The variance component terms and the parameter vector B can be estimated by maximum likelihood. Since we assumed bivariate normality of telomere length among twins and a linear relation between Y and X, the relevant log-likelihood equation is:
Because more than 1 twin pair was collected, the log-likelihood equation was determined as the sum of the individual loglikelihood for each twin pair. Thus, our proposed model is essentially a standard regression model with dependent (paired) observations and special covariance structure. To test the relation of a measured factor, for example, pulse pressure, with telomere length, we tested the significance of the regression coefficient for that factor by using likelihood ratio tests. To safeguard against robustness issues, log-transformed variables were also tested. Note that heritability can be estimated as Hϭ ). Because our model can accommodate multiple factors in the analysis, we also performed stepwise regressions that could determine the set of factors related to a chosen dependent variable that are statistically optimal and independent in their effects. 19 It must be emphasized that by not directly testing other sources of "familial aggregation" beyond additive genetic effects (eg, shared diets, lifestyles, housing), any estimate of heritability from our analysis probably is biased. This is true for all twin and standard estimators of heritability that are not exhaustive in terms of the influences that they model. Table 1 summarizes general characteristics of the subjects, ignoring the relatedness of the twins. Reliability of the measurements of TRF length is described in Figure 1 , which provides a scatterplot of the 2 TRF determinations and a plot of their difference versus the mean of the determinations. Table 2 describes the results of the analysis of the relation between each of the measured factors and TRF length, systolic blood pressure, diastolic blood pressure, and pulse pressure in univariate or pairwise settings. We also present the estimated percentage of variation in each primary variable that was explained by additive genetic random effects, after accounting for the effect of the measured factor. There was no significant correlation between TRF length and age within the age range of subjects in this group. However, gender showed a significant relation with TRF length in that women had longer TRF (also see Table 1 ). Of the blood pressure parameters, pulse pressure, which was correlated with age, showed the strongest relation with TRF length. TRF length was correlated positively with diastolic blood pressure but negatively with systolic blood pressure (Table 2) , which is consistent with a negative relation between TRF length and pulse pressure. In addition, TRF length and pulse pressure were found to be highly heritable.
Results
The most parsimonious multivariate model (from the use of a stepwise regression analysis) for TRF length included only pulse pressure (slopeϭϪ0.01 kb/mm Hg, PϽ0.01; first row of Table 3 ). The most parsimonious multivariate model for pulse pressure included gender, age, and TRF length, which suggests that the relation between TRF length and pulse pressure is independent of gender and age. We note that for the multivariate models whose results are described in Table 3 , some variables were not considered as potential predictor variables because of collinearity with other variables. Thus, systolic blood pressure and diastolic blood pressure were not considered in analyses involving pulse pressure because pulse pressure is defined by systolic and diastolic blood pressure values. We also note that the correlation between mean arterial pressure and TRF was negligible (rϭ0.07). The consequence is that in multiple regression models, pulse pressure was a significant predictor of TRF but mean arterial pressure was not. When pulse pressure and TRF were adjusted for mean arterial pressure, the partial correlation of pulse pressure and TRF (Figure 2 ) was actually stronger (rϭϪ0.33). Although height was correlated with pulse pressure in this cohort (rϭ0.37, Pϭ0.0002), height was not correlated with TRF (rϭ0.11, Pϭ0.27). Height thus had little impact on the explanatory relation between TRF and pulse pressure; the partial correlations coefficient of pulse pressure and TRF after adjustment for height was rϭϪ0.28, Pϭ0.0005.
Finally, analyses of the variables after log-transformation did not change the results appreciably (data not shown).
Discussion
The main finding of this work was that pulse pressure was inversely correlated with the TRF length in WBCs. This finding suggests that individuals who are endowed with relatively longer telomeres manifest a relatively narrow pulse pressure. In addition, this work showed that the mean length of telomeres and pulse pressure were highly familial. Our findings are discussed below.
In industrialized nations, systolic blood pressure continuously rises throughout life (Reference 20; reviewed in Reference 13). Diastolic blood pressure also rises in early life, but it tends to level off or even decline in older persons. Hence, pulse pressure manifests progressive widening as a function of age. Arterial aging, particularly expressed by stiffness of central elastic arteries, is a major but not the only factor that determines pulse pressure; other determinants include left ventricular ejection rate and stroke volume. Perhaps the most important variable that determines central arterial stiffness is chronological age. 20 -22 However, factors that might enhance the biological aging of the vasculature, including essential hypertension, 23 non-insulin-dependent diabetes mellitus, 24 and a high salt intake, 25 have been independently shown to increase arterial stiffness. Collectively, these observations suggest that aortic pulse pressure might serve as a phenotype of biological aging of central arteries BMI indicates body mass index; SBP and DBP, systolic and diastolic blood pressure, respectively; PP, pulse pressure (ie, SBPϪDBP); TRF, terminal restriction fragment. Units: Height (in cm), weight (in kg), BMI (in kg/m 2 ), SBP and DBP (in mm Hg), and TRF (in kb). n is the number of individuals with nonmissing values used in the calculations. There were 10 monozygotic twins and 39 dizygotic twins.
(for review, see Reference 26) and is a predictor of cardiovascular mortality and morbidity. [27] [28] [29] [30] We note, however, that the subjects in our study were as young as 18 years old. Therefore, their brachial pulse pressure was probably higher than that of their aortic or carotid pulse pressure, given their increased heart rate and amplification of the brachial systolic blood pressure. 22, 26 In addition, it is well established that height is a major determinant of the relation between pulse pressure and heart rate. 26, 31, 32 Although in our cohort, height did not provide an explanation for the relation between pulse pressure and TRF length, height (and body mass index) must be evaluated as confounding factors in large-scale examinations of the TRF and pulse pressure.
Some variations may exist in telomere length among somatic cells, probably as the result of different proliferative rates of tissues. Yet, in comparison to other persons, persons who exhibit either relatively short or long telomeres in one type of a proliferative somatic cell, respectively, express relatively short or long telomeres in other somatic cells (Reference 33; also K. Okuda and A. Aviv, unpublished data). Thus, the relation between TRF length and pulse pressure in the brachial artery might hold not only for telomeres in WBCs but also for telomeres in other replicating cells, including vascular endothelial cells 8 and vascular smooth muscle cells. 34 These cells play a pivotal function in blood pressure control and vascular aging. In addition, it is unlikely that height is a factor in heritability of TRF length, since no relation was observed in our cohort between TRF length and height.
Not only pulse pressure but also the TRF changes with age. [5] [6] [7] [8] [9] It appears, however, that different phases in the rate of telomere attrition exist throughout life. 35 The initial phase (ie, birth to 5 years) is marked by a relatively high rate of telomere attrition. The subsequent phase that includes adolescence and young adulthood is marked by an apparent stabilization of telomere length. Thereafter, telomere attrition resumes at a slower rate than during the first 5 years of life. The majority of subjects we studied were within the age range in which the rate of telomere attrition slows down or levels off altogether, accounting for the lack of correlation between the telomere length and age in this group.
In this study, we found that the TRF length in WBCs was highly familial, for example, confirming observations by Slagboom et al 5 showing heritability of TRF length in lymphocytes. There is evidence that the TRF length differs among subpopulations of WBCs (eg, References 7 and 36), but as indicated earlier, the differences in the TRF length ; and N-t, sample size (number of twin pairs). Dash indicates that the factor was not tested. TRF indicates terminal restriction fragment; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure (ie, PPϭSBPϪDBP). Note: After TRF and PP were log-transformed, they were still highly negatively correlated (Ͻ0.01). Each row corresponds to the model fitting results for the variable listed in the first column. Gender was coded as 0ϭfemale, 1ϭmale; TRF, terminal restriction fragment; SBP, systolic blood pressure; DBP, diastolic blood pressure; and PP, pulse pressure (SBPϪDBP). Entries are the maximum likelihood estimates of regression coefficients for the factors' contribution to the model for which the variable listed in the first column was taken as the dependent variable, except for the "Gen" and "Ran" columns, which give the estimated fraction of residual variation explained by genetic and random factors, respectively. NS indicates not significant and therefore the factor was not included in the final model (ie, PϾ0.05), all listed coefficients were significant (*PϽ0.05); †PϽ0.01). Dash indicates that the factor was not tested in the model. N-t is the number of twin pairs with nonmissing values of all relevant variables.
within subpopulations of somatic cells are far smaller than differences in the TRF length among persons of the same age. For instance, in the same donor, differences in telomere length between naïve and memory T lymphocytes could at most reach 2 kb, 7 whereas differences in WBCs or lymphocytes among donors of the same age could be as high as 5 kb. 5, 37 Thus, the respective findings by Slagboom et al 5 and us in lymphocytes and WBCs indicate that high heritability of TRF length is likely to be expressed in all cell types. This conclusion was also reached by Martens et al. 33 There are substantial data about heritabilities of systolic and diastolic blood pressures (reviewed in Reference 38) but little information about heritability of pulse pressure. 39 Heritabilities of systolic and diastolic blood pressures in this study were higher than in previous reports. 38 This may be due to the fact that our model did not accommodate other unmeasured factors, such as shared diets, living conditions, and so forth, which could contribute to similarity in twin values and be erroneously attributed to genetic effects.
We propose that to gain a better appreciation of the link between telomere biology and vascular aging in human beings, large-scale investigations should be undertaken to explore further the relation between telomere length and pulse pressure at a wide age range. 
